A simple scheme is proposed to increase the corrected field of view of a telescope equipped with adaptive optics. The optical system's entrance pupil is projected forward into the atmosphere and is slightly reduced in size. The field in any given direction is then imaged through just a portion of the main aperture, while the full aperture is used to collect light from the reference beacons, which may be either natural stars or laser beacons. The enlargement of the field of view is proportional to the reduction in pupil size and therefore comes at some cost in f lux and resolution. A numerical simulation shows that the trade-off is modest and may in many cases be advantageous. © 2002 Optical Society of America OCIS codes: 010.1080, 010.1330 Adaptive optics (AO) as a way to improve the resolving power of Earth-bound telescopes is now in routine use at a number of large telescopes 1 -3 and is being implemented at many others. 4, 5 Since the early days of AO, though, it has been recognized that a severe restriction on its applicability is imposed by the narrow f ield of view over which images are sharpened, a restriction that worsens with shorter wavelength and becomes extremely limiting in the visible. Multiconjugate adaptive optics (MCAO) has been proposed 6 as a way to ameliorate the problem by reproducing the threedimensional structure of the atmospheric phase aberrations in a series of deformable mirrors (DMs) in the telescope optics. Efforts to implement the f irst MCAO systems are now under way, 7 -9 and these systems will undoubtedly be required by the extremely large telescopes of 30-m diameter or more that are now being planned.
Adaptive optics (AO) as a way to improve the resolving power of Earth-bound telescopes is now in routine use at a number of large telescopes 1 -3 and is being implemented at many others. 4, 5 Since the early days of AO, though, it has been recognized that a severe restriction on its applicability is imposed by the narrow f ield of view over which images are sharpened, a restriction that worsens with shorter wavelength and becomes extremely limiting in the visible. Multiconjugate adaptive optics (MCAO) has been proposed 6 as a way to ameliorate the problem by reproducing the threedimensional structure of the atmospheric phase aberrations in a series of deformable mirrors (DMs) in the telescope optics. Efforts to implement the f irst MCAO systems are now under way, 7 -9 and these systems will undoubtedly be required by the extremely large telescopes of 30-m diameter or more that are now being planned. 9 -11 MCAO has its own limitation: The volume effects of the atmosphere can be mimicked only coarsely by a small number of DMs, and, even so, many reference beacons are required for adequate sensing of the wave fronts. Nevertheless, the expected fields of view for imaging to the diffraction limit on 6 -10-m telescopes are of the order of an arcminute in the near infrared, 9, 12 with much less dependence on wavelength than is the case for present single-conjugate AO systems. Further improvements in the corrected field of view, though, are made diff icult by the need to sense the wave front over ever-larger areas in the atmosphere. I propose here one simple scheme that permits the benefits of wave-front compensation to be realized over a substantially expanded field.
The multiple beacons in a MCAO system are distributed at angles such as to sample a volume of atmosphere shaped rather like a truncated cone. A sketch of the arrangement is shown in Fig. 1(a) . Tomographic analysis of the beacon signals yields an approximation to the phase delay at each point in the volume, so that, within the limits of this approximation, one can calculate the phase delay accumulated by any ray traversing the volume. Assuming then a well-designed and -operated MCAO system, objects within the f ield u b def ined by the beacons will be imaged with high resolution.
For objects at field angle u . u b , though, image degradation caused by anisoplanatic errors will begin to appear. One can mitigate this effect and restore high-resolution imaging to a large degree by removing the portion of the beam that traversed the unsensed part of the atmosphere. A straightforward way to do this is to place the entrance pupil for science imaging at some height in the atmosphere, as shown schematically in Fig. 1(b) . One could accomplish this easily by placing a stop at the appropriate conjugate plane in the optical train of the science camera. It need involve no modif ication at all to the telescope or the MCAO system.
If the highest turbulence of concern is at height h, as shown in Fig. 1(a) , then the pupil is displaced such that the marginal ray coincides with the edge of the field sampled by the beacon light at h. The pupil is then reduced in size from D to D 2 hu ext and is placed at height hu ext ͞2u fov , where u ext u fov 2 u b is the extension to the compensated field of view. The improvement in isoplanatic field is thus achieved at some cost in resolution and light-gathering power. The former is reduced by a fraction hu ext ͞D, and the latter implies that the integration time to reach a background-limited source is increased by a factor of ͓D͑͞D 2 hu ext ͔͒ 2 . These performance penalties are clearly reduced in significance with larger D, so this technique may have particular value for extremely large telescopes of D 30 m or more.
As an initial exploration of the performance of the technique, it was simulated for the case of a 30-m telescope equipped with MCAO. Three DMs were conjugated to heights of 0, 3600, and 10,000 m. Atmospheric turbulence was modeled as seven discrete layers (see Table 1 ) with a mean height, weighted by structure constant C n 2 of 5100 m, and r 0 15 cm at a wavelength of 0.5 mm.
The simulation included no noise. Although photon and detector read noise can be expected to degrade the degree of compensation, they will not affect the compensated field of view. The wave-front sensors and DMs were assumed to be ideal Zernike mode sensors and correctors, respectively. They were linked by a tomographic reconstructor derived from a least-squares pseudoinverse of the inf luence of the DMs on the wave-front sensor signals. For the sake of computational speed, the number of degrees of freedom in the simulation was limited. Each of the three DMs was driven in 189 Zernike modes (radial orders 1-18), with a total of 13 singular modes removed. For Shack -Hartmann wave-front sensing, this number of degrees of freedom would correspond to ϳ16 subapertures across the pupil, or 1.9-m subapertures, adequate for correction at wavelengths near the L band (3.5 mm, where r 0 1.57 m) and longer. A hybrid scheme of sodium and Rayleigh laser guide stars plus a single natural guide star (NGS), summarized in Fig. 2 , was used to sense the aberration. Both the sodium and the Rayleigh lasers were modeled as pulsed beams, dynamically refocused in the telescope's focal plane. 13 This was necessary because the depth of focus of a 30-m telescope is short, less than 1 km for imaging at the seeing limit at 95-km distance. The sodium beacons were integrated from 92 to 98 km above the telescope, and each was used to recover 187 Zernike modes (radial orders 2-18). The Rayleigh guide stars were integrated over a range of height from 20 to 30 km but were used only to measure the three second-order aberrations seen by each beacon. These additional measurements serve to break degeneracies that would otherwise prevent unique determinations of the second-and third-order aberrations to be applied to the DMs. The single NGS was used to measure just global image motion.
The nominal field for MCAO compensation had a 45-arcsec radius, and the DMs were sized to match the metapupil at the conjugated height. At field angles greater than 45 arcsec the edges of the two higheraltitude DMs begin to intrude into the light path. Regions outside the DMs were simply treated as f lat ref lective surfaces, introducing no compensation.
Results are shown in Fig. 3 , which plots Strehl ratio as a function of f ield angle for three cases, each averaged over 100 independent realizations of the atmospheric wave front, at an imaging wavelength of 3.5 mm. The best axial Strehl ratio was given by a model of a standard single-conjugate AO system that used one on-axis NGS to sense all 189 modes. The standard MCAO reconstruction, however, which uses the model described above and in which the full 30-m Fig. 2 . Reference beacon geometry for the MCAO simulation. The lasers were taken to be launched from the center of the 30-m pupil. Open circles, sodium beacons at 92 -98 km above the telescope, on a regular pentagon of radius 78 arcsec. Filled circles, Rayleigh beacons integrated over 20 -30 km, on a 60-arcsec radius. A single on-axis NGS (gray circle) was used to provide global tilt information. Fig. 3 . Strehl ratio for imaging at 3.5-mm wavelength for a 30-m telescope equipped with MCAO. The simulated setup used three DMs to compensate for an atmosphere of seven layers, using information from the beacons described by Fig. 2 . The f ield of view with an approximately constant Strehl ratio is ϳ35 arcsec in the full-aperture case, already a major improvement over the field obtained with a single-conjugate AO system. The field is improved further to ϳ70 arcsec with conjugation of the pupil to an altitude of 3.8 km and a commensurate reduction in size to 26.5 m.
aperture def ines the pupil, sacrif ices axial Strehl ratio for a much more constant value over a f ield of approximately 35 arcsec. Finally, placing the pupil at 3.8-km altitude yields a level of compensation that is unchanged but now extends over a f ield of approximately 70 arcsec.
The displacement of the pupil results in a reduction in its diameter from 30 to 25.6 m, or a loss of approximately one quarter of its area. For many observational programs this relatively modest trade of light-gathering power for resolution will be worth the factor-of-4 improvement in the f ield of view over which the compensated point-spread function is approximately constant.
What sets the limit on how far this trade-off may be taken? The number of DMs in a MCAO system is of necessity limited, with the atmosphere conceptually divided into contiguous horizontal slabs centered on the DM conjugates. However, turbulence in the atmosphere is typically broadly distributed in height, with the result that there are likely to be vertical regions that contribute nonnegligible aberrations that are not perfectly conjugated to any of the DMs.
Consider, then, rays of light traversing a slab of atmosphere, all passing through the same point at the corresponding DM conjugate. The phase aberration accumulated by each ray will depend on the f ield angle, whereas the correction phase applied by the corresponding DM will be the same for all rays. The variance of this error in the correction will increase at larger field angles, with the rate of increase depending on the details of the prevailing C n 2 prof ile and the DM conjugates chosen. The results of the simulation presented here illustrate that, for a representative prof ile, the effect is modest enough to permit a substantial expansion of the compensated field of view.
If such large compensated fields become achievable in practice, the sky coverage for high-resolution imaging will be near unity. To cover the sky in patches of ϳ70-arcsec radius, the limiting magnitude for tilt sensing would have to be m v 17.8, the brightness at which one finds ϳ1000 stars͞deg 2 at the Galactic pole.
14 With a passband from 0.5 to 1.0 mm, a tilt sensor on a 30-m telescope would see ϳ1800 photons͞ms from such a star, assuming 50% detected quantum efficiency. Present CCD detectors are already able to run at 1000 frames͞s with 5 electrons rms read noise, which is adequate to measure the tilt signal with an accuracy of ϳ1͞40 of the diffraction width.
